Photoacoustic imaging (PAI) has been proposed as a non-invasive technique for imaging neonatal brain injury. Since PAI combines many of the merits of both optical and ultrasound imaging, images with high contrast, high resolution, and a greater penetration depth can be obtained when compared to more traditional optical methods. However, due to the strong attenuation and reflection of photoacoustic pressure waves at the skull bone, PAI of the brain is much more challenging than traditional methods (e.g. near infrared spectroscopy) for optical interrogation of the neonatal brain. To evaluate the potential limits the skull places on 3D PAI of the neonatal brain, we constructed a neonatal skull phantom (1.4-mm thick) with a mixture of epoxy and titanium dioxide powder that provided acoustic insertion loss (1-5MHz) similar to human infant skull bone. The phantom was molded into a realistic infant skull shape by means of a CNCmachined mold that was based upon a 3D CAD model. To evaluate the effect of the skull bone on PAI, a photoacoustic point source was raster scanned within the phantom brain cavity to capture the imaging operator of the 3D PAI system (128 ultrasound transducers in a hemispherical arrangement) with and without the intervening skull phantom. The resultant imaging operators were compared to determine the effect of the skull layer on the PA signals in terms of amplitude loss and time delay.
INTRODUCTION
Premature infants are at a risk of periventricular leukomalacia (PVL) an ischemic brain injury to the white matter 1 . Ultrasonography is often used soon after birth to check premature infants for brain damage 2 . Diagnosis of severe PVL is possible by cranial ultrasonography; however, milder damage to white matter can be missed due to the inherent low sensitivity of ultrasonography 1, 3 . Therefore, more sensitive methods for detection of PVL are needed. Photoacoustic imaging is sensitive to optical contrast and therefore may provide a potentially more sensitive means to detect white matter injury. Photoacoustic imaging has been applied to structural, functional, and molecular brain imaging in small animals 6, 7 . Brain imaging in large animals has been reported. For example, the main structures of a monkey brain with a ~2 mm thick skull were observable by photoacoustic imaging 8 . However, the detection of photoacoustic signals through the skull continues to present a serious challenge to photoacoustic image reconstruction and is an area of active research. The goal of this project was to utilize a realistic skull phantom to estimate the effect the premature infant skull has on the propagation of photoacoustic signals. The approach was to construct a skull-mimicking phantom, measure the signals from a photoacoustic point source with and without the intervening skull phantom. The photoacoustic point source was tested at a multitude of grid locations to obtain the imaging operator for the transducer array with and without the skull phantom. The imaging operators were used to compute time delay and amplitude ratio maps representative of the effect of the skull phantom on photoacoustic signal propagation.
METHODS

Phantom preparation
To construct a skull phantom, we first found a skull mimicking material by measuring acoustic properties of different material samples. A mixture of 50% epoxy and 50% titanium dioxide powder with a thickness of 1.4 mm was found to best match the acoustic insertion loss of neonatal skull bone based on our measurements and the work by others 9 . We fabricated a skull mold based on a 3D CAD model of a head of a realistic doll. The mixture of 50% epoxy and 50% (a) (c) titanium dioxide powder was prepared, poured into the mold, and allowed to cure for two hours before removal from the mold. Figure 1 shows a 3D CAD model of the mold, a 3D CAD model of the skull phantom, and a skull phantom constructed from a mixture of epoxy and titanium dioxide powder. The phantom had a transcranial thickness of 1.4 mm, a length (not including the flanges) of 93.5 mm, a width of 76 mm, and a height of 29 mm. 
Calibration scan
The photoacoustic imaging setup is shown in Figure 2 . A photoacoustic point source consisting of a black end-coated 200 µm diameter fiber optic cable was illuminated with light from a 532 nm pulsed laser (Surelite III, Continuum). The imaging system had 128 custom ultrasound transducers (center frequency of 2.6 MHz with 101% bandwidth) in a hemispherical arrangement. The internal diameter of the hemisphere array was 11 cm. Ultrasound transducers were connected to a 128 channel data acquisition system (DAQ128, 50 MHz sampling rate, 14-bit resolution, MultiMagnetics, Inc.). The transducer signals amplified (~360×), captured, and stored by the DAQ system were transferred to a workstation via USB.
For system characterization, we utilized a linear imaging model with an experimentally measured system response 4 . With this approach, the imaging process is described by
where g is a measured data set of an unknown object; H is an imaging operator, and f represents an estimate of the unknown object. In order to reconstruct photoacoustic images, an experimental estimate of the imaging operator is first acquired by measuring the system response to a PA point source.
To capture the imaging operator of the 3D PAI system, a robot (E2C2351S-UL, Epson RC+ software, ver. 4.1.0, Epson Corporation, CA, USA) was used to raster scan the photoacoustic point source within the imaging cavity. The point source was localized at a grid location and illuminated by the laser. Acoustic waves emitted by the point source were captured and stored by the DAQ128 and transferred to the computer. The robot was instructed to move the point source to an adjacent grid location and the process was repeated until the complete imaging operator was obtained. Software used to coordinate the robot and the data acquisition hardware was custom written in LabVIEW (National Instruments TM ). The imaging operator down sampled by a factor of 4 to reduce the number of temporal data. Photoacoustic signals were rectified and smoothed (moving average) to provide a non-negative signals and a threshold was applied to eliminate low amplitude noise. Figure 2 . Three dimensional photoacoustic imaging system. A robot was used to position a photoacoustic point source within the water-filled hemispherical transducer array. The signal from each transducer was independently amplified, sampled at 50MHz (14 bits), and stored on the DAQ. The digitized signals were transferred to a PC for processing and display.
RESULTS AND DISCUSSION
Effects of the skull phantom
Two representative PA signals, one with and the other without the skull layer, captured by one transducer are shown in Figure 3 .The two signals were compared to determine the effect of the skull layer on the PA signal propagation in terms of amplitude loss and time delay. Based on speed of sound considerations and the phantom thickness, we expected a 0.24 μs difference in time of arrival of the signal based on the difference in speed of sound between water and the cured mixture of epoxy and titanium dioxide powder. The estimated time delay was approximately 0.22 μs, which was close to the expected value. The insertion loss caused by the skull phantom was approximately 3.1 dB, which was estimated from the ratio in peak-to-peak amplitude between the two photoacoustic signals. 
Imaging operator
An imaging operator was obtained from a calibration scan with a step size of 0.5 mm for a grid located near the center of the array that covered an area of 16 mm × 16 mm. The skull phantom was positioned within the hemispherical bowl, with the top surface of the skull phantom facing the transducer array. The transducer bowl and the phantom were filled with water for acoustic coupling. At each of the 1024 grid locations, photoacoustic signals were recorded for approximately 100 µs from each of the 128 transducers. The point source was scanned across each x-coordinate from lowest to highest, then the y-coordinate was incremented and the process repeated. Figure 4 shows a representative subset of the imaging operator measured with and without the skull phantom. Each row shows data from 4 transducers at approximately 100 grid locations. Only 501 time points are displayed for each transducer signal due to data preprocessing procedures that involved subset selection and down sampling of the data to achieve an effective 12.5 MHz sampling rate. As expected from the mechanics of the scan, the time of arrival of the signal varied systematically with grid location as the source was scanned in the x-direction for each block of 32 grid points and then the time of arrival shifted in a discontinuous manner as the y-coordinate was incremented. The photoacoustic signals in the imaging operator collected in the absence of the skull phantom were observed as strong curved patterns (Figure 4(a) ). However, with the skull phantom in place the corresponding photoacoustic signal patterns were weaker, were broken in places, and were sometimes closely followed by a weak noisy pattern (Figure 4(b) ).
(a) (b) Figure 4 . A representative subset of the imaging operator measured without (a) and with (b) the skull phantom. Each row shows data from the first 4 transducers at the first 100 grid locations. Only 501 time points are displayed for each transducer signal due to data preprocessing procedures that involved subset selection and down sampling of the data.
The imaging operators enabled more comprehensive analysis related to photoacoustic signal propagation with and without the skull phantom in place. The first analysis involved construction of a delay matrix by measuring the difference between arrival time for the photoacoustic signal with and without the skull ( Figure 5 ). The time delay was estimated from the temporal shift required to maximize the cross correlation between two time series from the same transducer and the same grid location. Figure 5 (a) shows a representative subset of the delay matrix. Each row shows differences in time of arrival of the two PA signals at a corresponding grid location and each column corresponds to a transducer. The majority of time delay estimates were found to range between 3 to 5 time points which corresponded to 0.24 to 0.4 µs based on an effective sampling rate of 12.5 MHz. Variations in the time delay estimates were observed across transducers, but the result was expected as the transducers were not ordered in a systematic manner for presentation (e.g. adjacent columns in the Figure 5 (a) could represent transducers from opposite sides of the transducer array). The ratio of the peak photoacoustic signals with and without the skull was measured at each transducer for the photoacoustic point source positioned at each grid location and displayed as a ratio matrix in Figure 5 (b). Figure 5 (b) shows a subset of ratio matrix that corresponds to the same grid locations and transducers as displayed in Figure 5 (a).
Most of the ratio values as shown in Figure 5 (b) were close to 0.5, which was expected from the acoustic properties of the 1.4-mm thick mixture of 50% epoxy and 50% titanium dioxide. In Figure 5 (b), one can observe the discontinuous change in measured values every 32 grid points (e.g. compare row 32 to row 33), which was a result of the mechanics of the calibration scan described above. 
CONCLUSION
A skull mimicking phantom was fabricated and used to study the effects on photoacoustic signal propagation. The skull phantom attenuated the photoacoustic signal amplitude, and shifted the time of arrival of the photoacoustic signal. Experimental estimation of the imaging operator with and without the skull phantom provided a method to examine the detailed effect of an intervening layer in a photoacoustic signal propagation study at a fine level of detail (i.e. 0.5 mm grid spacing was shown). Future work could focus on acquiring images of objects with and without the skull in place to test image reconstruction algorithms that mitigate effects of the skull layer. Phantoms with different thicknesses could also be easily constructed by modifying the existing mold.
